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Sexual reproduction enables eukaryotic organisms to reassort genetic diversity and purge deleterious muta-
tions, producing better-fit progeny. Sex arose early and pervades eukaryotes. Fungal and parasite pathogens
once thought asexual havemaintained cryptic sexual cycles, including unisexual or parasexual reproduction.
As pathogens become niche and host adapted, sex appears to specialize to promote inbreeding and clonality
yet maintain outcrossing potential. During self-fertile sexual modes, sex itself may generate genetic diversity
de novo. Mating-type loci govern fungal sexual identity; how parasites establish sexual identity is unknown.
Comparing and contrasting fungal and parasite sex promises to reveal howmicrobial pathogens evolved and
are evolving.Introduction
How microbial pathogens evolve, develop drug resistance, and
interact with the host involves both genetic change and
exchange. In bacteria, genetic exchange occurs largely via hori-
zontal gene transfer (HGT); in the fungal and parasite eukaryotic
microbial pathogens, sexual reproduction drives genetic
exchange. We review here how sexual identity is defined and
modes and roles of sexual reproduction in virulence, production
of infectious propagules, and generation of diversity. In fungi and
parasites once thought asexual, genomics reveals they have
retained machinery for sex, and laboratory studies uncovered
extant sexual cycles that enable but limit genetic exchange,
generating populations with clonal features.
In fungi, sex commonly involves two cells of opposite mating
type (a, a) that secrete mating pheromones to trigger cell-cell
fusion (heterothallism). Other fungi are self-fertile, and a single
isolate can undergo sexual reproduction (homothallism). Transi-
tions between these sexual reproduction modes, outcrossing
versus selfing/inbreeding, commonly occur throughout the
fungal kingdom. Recent studies of the three most common
systemic human fungal pathogens (Cryptococcus neoformans,
Candida albicans, Aspergillus fumigatus) reveal novel mating
paradigms that differ substantially from model species like
S. cerevisiae.
C. neoformans has an a-a opposite sex mating cycle that has
been defined in the laboratory for more than 30 years, and yet the
natural population is largely unisexual, predominantly a mating
type, and had therefore been thought to be asexual. Instead,
a novel form of self-fertility evolved in which cells of one mating
type (a) can complete a unisexual cycle without an opposite
partner, and population genetics studies suggest this may be
the predominant form of sexual reproduction in nature
(Bui et al., 2008; Lin et al., 2005, 2007, 2009). C. albicans was
thought to be asexual for more than a century, but with the
discovery of the MTL locus, isolation of a and a mating compe-
tent strains, and the discovery of genetic and host conditions86 Cell Host & Microbe 8, July 22, 2010 ª2010 Elsevier Inc.that promote mating, we now appreciate that a parasexual cycle
is extant (Bennett and Johnson, 2003). Recently,C. albicanswas
also discovered to reproduce unisexually, illustrating a remark-
able convergence in modes of sexual reproduction in two
divergent successful human fungal pathogens (Alby et al.,
2009). Studies of other pathogenic Candida sp. have converged
to illustrate a marked plasticity in specification of sexual identity,
meioticmachinery, and the generation of aneuploid progenywith
the capacity for phenotypic diversity (Butler et al., 2009; Reedy
et al., 2009). Finally, an extant sexual cycle was uncovered for
A. fumigatus, a species previously thought to be asexual,
requiring specialized media and culture conditions (O’Gorman
et al., 2009). Thus, rather than being asexual, pathogenic fungi
have retained cryptic, modified sexual cycles that enable both
inbreeding and outcrossing and generate diversity in novel
ways. This includes the potential of sex itself to serve as
a mutagen that generates genetic diversity de novo, analogous
to the model fungus Aspergillus nidulans in which parasexual
reproduction generates phenotypic plasticity during experi-
mental evolution (Schoustra et al., 2007).
Our understanding of sexual reproduction in pathogenic fungi
parallels recent advances in defining extant sexual cycles of
human parasite pathogens. In the protozoan Giardia, the
discovery of a novel sexual reproduction mode involving nuclear
fusion, meiotic gene expression, and genetic exchange illus-
trates a novel form of self-fertility, similar to unisexual mating
of fungal pathogens (Poxleitner et al., 2008). In the protozoan
parasite Leishmania, coinfections in the sand fly vector reveal
an extant capacity for genetic exchange with parallels to the
C. albicans parasexual cycle (Akopyants et al., 2009). In the ki-
netoplastid Trypanosoma, an extant sexual cycle involving
meiosis and intraclonal and interclonal mating mirrors the out-
crossing/self-fertile duality of human fungal pathogens (Heitman,
2006). In Plasmodium a well-defined sexual cycle is essential for
vertebrate-insect transmission, and an outline for this develop-
mental cascade is emerging from proteomic and molecular
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Figure 1. Sex and Virulence of Fungal
Pathogens
Four major human and plant fungal pathogens are
illustrated to compare and contrast features of
sexual reproduction and links to virulence (adap-
ted from Hsueh and Heitman, 2008).
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we know nothing about how their sexual identities are specified.
Insights from fungal sex andMAT evolutionmight lay the founda-
tion to approach this question and suggest models by which
parasite sexual identity is specified.
These studies of sex evolution and its impact throughout
fungi and parasites illuminate paradigms for generating and
maintaining genetic diversity in microbial pathogens with impli-
cations for multicellular eukaryotes. Reviews on fungal sex and
the meiotic toolkit have recently appeared to which the inter-
ested reader is referred (Butler, 2010; Lee et al., 2010; Lin,
2009; Morrow and Fraser, 2009; Schurko and Logsdon, 2008;
Schurko et al., 2009; Sherwood and Bennett, 2009). Parallels
between fungal and parasite sexual reproduction were reviewed
earlier (Heitman, 2006); advances since 2006 are the focus here.Sex in Fungi
Cryptococcus neoformans
C. neoformans is a pathogenic basidiomycete yeast, more
closely related to mushroom fungi and the plant pathogen
Ustilago maydis than to the ascomycetes S. cerevisiae and
C. albicans (Figure 1). C. neoformans is ubiquitous and infects
both immunocompromised and immunocompetent individuals,
most frequently causing meningitis and pulmonary infections.
It is responsible for >1,000,000 cases annually, >600,000mortal-
ities, and approximately one-third of all AIDS-associated deaths
(Park et al., 2009). The closely related species C. gattii infects
immunocompetent hosts and is causing an outbreak on
Vancouver Island and in the Pacific Northwest (Byrnes et al.,
2010; Fraser et al., 2005; Kidd et al., 2004). A laboratory-defined
a-a opposite sex mating cycle has been known for >30 years,
and yet with a largely a unisexual population it has been unclear
if and how sex occurs in nature. Sexual reproduction of
C. neoformans is central to virulence because it produces
spores that serve as infectious propagules and generatesCell Host & Microgenetic diversity, and the a-mating type
has been linked to virulence.
The structure and evolution of a large,
complex mating type (MAT) locus that
governs sexual identity and promotes
virulence has been defined (Fraser et al.,
2004). Studies have also shown that a-a
opposite sex occurs in environmental
niches (pigeon guano, plants) and is
extant in sub-Saharan Africa (Litvintseva
et al., 2003; Nielsen et al., 2007; Xue
et al., 2007), and document that sexually
produced spores are infectious (Giles
et al., 2009; Velagapudi et al., 2009).
Moreover, an unusual sexual mode hasbeen discovered involving only one mating type that generates
infectious spores and diversity within unisexual populations
(Lin et al., 2005).
C. neoformans mating involves two opposite haploid mating
partners, a and a, which secrete pheromones that trigger cell-
cell fusion (McClelland et al., 2004). The resulting dikaryon
harbors two congressed, unfused nuclei, and undergoes
a dimorphic transition from budding yeast to filamentous
hyphae. The hyphae produce a specialized structure (basidia)
where nuclear fusion and meiosis occur, and repeated rounds
of mitosis/budding decorate the basidium surface with long
spore chains. Spores are readily aerosolized, and their small
size promotes alveolar deposition following inhalation. Similar
to yeast cells, these sexually produced spores are infectious in
murine inhalation models; unlike yeast cells, spores do not
require opsonization for phagocytosis by alveolar macrophages
(Giles et al., 2009; Velagapudi et al., 2009).
Sexual reproduction and identity are governed by the MAT
locus, which occurs in two large, >100 kb idiomorphs encoding
>20 genes, including many involved in mating/meiosis and
encoding the Sxi1a/Sxi2a homeodomain regulators (HD1/HD2),
pheromones, and pheromone receptors that define mating type
and zygote identity (Figure 2) (Hull et al., 2002; Stanton et al.,
2010). Based on comparative genomics, the bipolar MAT locus
evolved from an ancestral tetrapolar systemwith unlinked home-
odomain and pheromone/receptor loci via gene acquisition,
fusion into a contiguous gene cluster, and additional rearrange-
ments (Fraseret al., 2004;Lengeleretal., 2002).MATalsoevolved
via loss of allelic diversity and loss of one of the paired homeodo-
main genes (Metin et al., 2010). These transitions reduced out-
crossing and promoted inbreeding, possibly as this pathogen
became niche adapted.
The MAT locus a allele is linked to C. neoformans virulence.
In some genetic backgrounds, a cells are more virulent than
a cells (Kwon-Chung et al., 1992; Nielsen et al., 2005a). In other
backgrounds, a and a cells are of equivalent virulence duringbe 8, July 22, 2010 ª2010 Elsevier Inc. 87
Figure 2. MAT-Encoded Cell Identity Determinants in Pathogenic
and Model Fungi
Genes resident within fungal MAT loci are illustrated for three phyla of the
fungal kingdom. These genes encode transcription factors (homeodomain,
HMG, and a-domain) or pheromones or pheromone receptors that establish
cell-type identity, orchestrate sexual reproduction, and in some cases are
linked to virulence.
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mating pheromones that function in quorum sensing. Addition-
ally, a cells preferentially cross the blood brain barrier to more
effectively infect the CNS (Nielsen et al., 2005b; Okagaki et al.,
2010). Several MAT gene products are implicated in pathogen-
esis, including the PAK kinase Ste20.
While sex readily occurs in the lab, the natural population is
almost exclusively a, and thus whether a-a mating occurs in
nature is unknown and has not been directly observed. Indirect
proof for mating is that unusual environmental and clinical
isolates arediploid (aADa,aADa isolates) products ofa-amating.
a-a mating is stimulated by lab conditions mimicking environ-
mental niches: culture on pigeon guano media and coculture88 Cell Host & Microbe 8, July 22, 2010 ª2010 Elsevier Inc.with or on plant seedlings (Nielsen et al., 2007; Xue et al.,
2007). A unique C. neoformans lineage (VNB) restricted to
sub-Saharan Africa harbors 25% amating type isolates, exhibits
evidence of recombination (an indirect measure of sex), and
is robustly fertile in the laboratory. This unique African lineage
is geographically restricted, and otherwise the a mating type is
rare (0.1%) or unknown in globally distributed serotype A
C. neoformans lineages (VNI, VNII), precluding a-a mating
opportunities in nature.
The discovery that C. neoformans can undergo a modified
form of sexual reproduction involving only one mating type
provides insight into how diversity is maintained and infectious
spores produced in a largely unisexual global population
(Figure 3) (Lin et al., 2005). This unisexual reproduction cycle
occurs under similar conditions that support opposite-sex
mating. This process involves ploidy changes to produce diploid
intermediates, levels of recombination similar to that during a-a
mating, and a requirement for the meiotic orthologs Spo11 and
Dmc1 to generate and repair DNA double-strand breaks
(DSBs) for recombination. However, whether unisexual mating
also occurs in nature was unknown.
A series of studies provide compelling evidence for natural
unisexual mating of C. neoformans serotypes A and D, and
C. gattii. Natural aADa hybrids produced via cell-cell fusion
between two parental a isolates of different serotypes were iden-
tified and characterized (Lin et al., 2007). A novel truncated allele
of the mating-type-specific cell identity determinant SXI1a is
present in all ADa diploid strains analyzed, including those
produced via opposite-sex (aADa) and unisexual (aADa) mating,
and may confer enhanced fertility (Lin et al., 2007).
Based on population genetics studies, sexual reproduction of
C. neoformans serotype A (VNI) occurs in trees in India, appar-
ently via unisexual mating in an exclusively a population
(Hiremath et al., 2008). Previous studies of C. neoformans
isolates from pigeon guano and human patients suggestedFigure 3. Unisexual Reproduction
of Pathogenic Fungi
The opposite and same-sex cycles for C. neofor-
mans and C. albicans are depicted. These
reproductive cycles involve meiosis in C. neofor-
mans but are currently thought to be parasexual
in C. albicans. These alternative sexual cycles
contribute to generate and maintain population
diversity, and same-sex mating likely also contrib-
utes to features of clonality observed for both of
these common fungal pathogens.
Cell Host & Microbe
Reviewclonal reproduction, but this analysis from a different niche
(trees) found evidence of clonality and recombination. These
studies of natural populations in trees argue for same-sexmating
in nature in the predominant pathogenic form of the organism
(serotype A, variety grubii). A challenge remaining is to recapitu-
late this unisexual cycle under lab-defined conditions for sero-
type A strains.
Two studies further support that unisexual mating occurs in
the C. neoformans var. grubii serotype A isolates (Bui et al.,
2008). First, analysis of veterinary isolates from Sydney,
Australia, defined an a-only population in which linkage
equilibrium was apparent, consistent with genetic exchange.
Four a/a diploid isolates identified underwent sex-specific
hyphal differentation; these self-filamentous diploids are inter-
mediates of unisexual reproduction. These findings support
that unisexual mating occurs andmay produce spores that infect
animals in this and other regions. In the second study, 500
C. neoformans isolates were tested for ploidy and 8% were
diploid by FACS analysis (Lin et al., 2009). The majority of these
were aAAa diploids, including intravarietal allodiploid hybrids
produced by fusion of two genetically distinct a cells through
same-sex mating and autodiploids harboring two seemingly
identical copies of the genome that arose via endoreplication
or clonal mating. Thus, unisexual mating produces C. neofor-
mans diploids in nature, giving rise to populations of hybrids
and mixed ploidy.
Based on population genetics approaches, the sibling species
C. gattii has been found to undergo sexual reproduction in tree
hollows in Australia, both within mixed mating populations and
those exclusively of the a mating type (Saul et al., 2008). Euca-
lyptus trees are the environmental niche for C. gattii, but whether
the organism has been clonally or sexually reproducing there
was unclear.C. gattii is known to undergo a-amating in the labo-
ratory (Fraser et al., 2003; Kwon-Chung, 1976b), and yet the
natural population is predominantly a. While a cells could be
less fit than a, giving rise to their disparity, congenic strains of
opposite mating type appear equally fit under a broad range of
different conditions (Nielsen et al., 2005a, 2005b). These studies
show that natural populations of C. gattii are undergoing both
opposite-sex and same-sex mating in trees in nature, and the
balance between the two sexual modes likely depends on the
local availability of mating partners (Carter et al., 2007).
Population genetics and molecular studies implicate sexual
reproduction in both the origin and ongoing outbreak of C. gattii
on Vancouver Island and in the Pacific Northwest. All of the
isolates associated with the outbreak are a, many are fertile in
laboratory crosses, a diploid a/a mating intermediate was
identified, and particles small enough to be spores are present
in the air on Vancouver Island (Fraser et al., 2003, 2005; Kidd
et al., 2007). A detailed population genetic analysis of the
outbreak and global VGII C. gattii molecular type revealed
evidence for recombination based on MLST allele compatibility
tests and the occurrence of hybrid recombinant alleles (Byrnes
et al., 2010). Both the major outbreak VGIIa genotype present
only on Vancouver Island and in the Pacific Northwest and the
novel VGIIc genotype so far only present in Oregon are hypervir-
ulent in both macrophage and animal models, and this may
implicate novel roles for mitochondria in pathogenesis (Byrnes
et al., 2010; Ma et al., 2009a). An altered tubular mitochondrialmorphology has been associated with increased intracellular
replication in macrophages (Ma et al., 2009a). The outbreak
VGIIb minor genotype is identical at 30 MLST loci with isolates
from Australia that are part of a fertile, recombining population
(Campbell et al., 2005a, 2005b; Fraser et al., 2005) and may
therefore have originated by transfer from Australia to the Pacific
Northwest. Comparisons of the genome and MAT locus of the
VGIIa/major and VGIIb/minor genotype suggest the two may
be sexually related, either as parent-sibling or siblings (Fraser
et al., 2005). One hypothesis is that sex (opposite or same-sex
mating) contributed to produce a novel hypervirulent genotype,
and that ongoing same-sex mating is generating readily aerosol-
ized infectious spores. All outbreak isolates are a mating type,
thus a-a unisexual mating represents a parsimonious hypothesis
by which diversity and infectious spores are produced (Byrnes
et al., 2010; Fraser et al., 2005). Populations with a isolates
have been identified in South America (Escandon et al., 2006),
and a-a opposite sex mating might also occur there and
contribute to diversity (Fraser et al., 2005). Infectious spores
may be produced because of the association with plants in the
environment; coculture withArabidopsis or eucalyptus seedlings
stimulates C. gattii mating and spore production, and the fila-
mentous dikaryon infects plants, similar to Ustilago maydis
(Figure 1) (Xue et al., 2007).
While an organism maintaining extant opposite and same-sex
mating cycles might seem unusual, previous studies of S. cere-
visiae are illustrative. The natural S. cerevisiae population
consists of Ho+ isolates that switch mating type and are self-
fertile and Ho mutants that do not switch mating type but
remain cross-fertile. Similarly, C. neoformans has maintained
both an a-a opposite-sex cycle promoting outcrossing and an
a-a sexual cycle promoting inbreeding and clonality. This
unisexual cycle may have arisen concomitant with emergence
as a successful human pathogenwell-adapted to particular envi-
ronmental niches.
In examples where two genetically divergent a cells mate, their
resulting progeny exhibit genetic diversity. In contrast, when
identical genomes engage in unisexual reproduction, how is
a benefit conferred with no pre-existing diversity? One could
argue that in the latter case the need to purge accumulating dele-
terious mutations and transposons may suffice to render sex
beneficial. Alternatively, uniparental inheritance of mitochondria
may drive unisexual mating of identical isolates to purge defec-
tive mitochondrial genomes. Finally, we propose a new model in
which sex serves as a mutagen to generate genetic diversity de
novo. This model is in part based on the finding that the diploid
state can serve as a capacitor for evolution during parasexual
fungal reproduction, enabling multiple recessive mutations
to accumulate that would be deleterious individually but are
advantageous when combined (Schoustra et al., 2007).
By analogy, sexual reproduction may produce diploids, yielding
a sheltered state in which genetic diversity arises de novo, and
then release this stored diversity bymeiosis into haploid progeny
subject to selective pressures. In this model, sex does not admix
pre-existing diversity but instead generates diversity de novo.
Candida albicans
The most common human fungal pathogen, C. albicans, is an
obligate diploid thought to be asexual for >100 years until the
discovery of the MAT locus and an extant parasexual cycleCell Host & Microbe 8, July 22, 2010 ª2010 Elsevier Inc. 89
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Candida species (C. lusitaniae, C. guilliermondii) are haploid
with complete sexual cycles, including sporulation. Studies to
define the structure and function of MAT in these species and
genomic analyses revealed that many key meiotic genes were
lost (Butler et al., 2009; Reedy et al., 2009). Meiosis still occurs
during C. lusitaniae sex, yet generates a high level of aneuploidy,
possibly as an additional route to genetic diversity. Aspects of
this modified sexual cycle may provide insights into the true
sexual nature of C. albicans.
The yeast C. albicans is a human microbiota resident and
frequently causes mucosal and systemic infections. The MTL
mating locus discovery, isolation of mating competent strains
(i.e., a/a, a/a) from the sterile a/a state, and discovery that
white-opaque cell-type switching enhances mating efficiency
by 1,000,000-fold revolutionized our understanding (Hull and
Johnson, 1999; Hull et al., 2000; Magee and Magee, 2000; Miller
and Johnson, 2002; Slutsky et al., 1987). We now appreciate that
mating involves diploid cell-cell fusion producing a tetraploid cell
that undergoes parasexual reduction to the diploid/aneuploid
state. The discovery of host-specific conditions supporting
mating suggests that sex occurs in or on the host and may drive
immune evasion, virulence, and drug resistance.
Opaque cells are specialized for mating, essentially func-
tioning as gametes, and respond robustly tomating pheromones
to produce conjugation tubes that enable cell-cell fusion. MTL
heterozygous strains do not undergo white-opaque switching,
which is repressed by a1/a2. Homozygosis of the MTL locus
(gene conversion, chromosome loss/gain) to a/a or a/a occurs
first (Wu et al., 2005). Expression of the Wor1 transcription factor
then drives a bistable positive feedback loop enhancing its own
expression and that of other opaque-specific genes (Huang
et al., 2006; Zordan et al., 2006). Mating of white cell populations
is inefficient, yet white cells do respond transcriptionally to
mating pheromone via unique signaling pathway specialization
(Sahni et al., 2009; Yi et al., 2008). In biofilms, rare opaque cell
minorities signal the white cell majority population, stimulating
adhesiveness and enforcing pheromone gradients enabling
distant mating partners to communicate and locate each other
via conjugation tubes (Daniels et al., 2006).
Other host conditions enhance mating efficiency. Because
opaque cells are unstable at 37C, how mating might occur in
the host was unknown. One possibility involves cooler niches,
and mating readily occurs on skin of mice (31.5C) (Lachke
et al., 2003). C. albicans resides on oral, vaginal, and GI mucosa
and might mate on adjacent skin and return to the host or trans-
mit to another host. An early C. albicans study detected mating
in vivo following infection of mice with white cell populations
(Hull et al., 2000). Later studies involving oral/intravenous
delivery of opaque cells improved mating efficiency. Similarly,
anaerobic conditions, elevated CO2, anaerobic/high CO2, and
N-acetyl glucosamine enhance mating efficiency (Dumitru
et al., 2007; Huang et al., 2009, 2010; Ramirez-Zavala et al.,
2008). CO2 conversion to bicarbonate (by carbonic anhydrase)
stimulates adenylyl cyclase (Klengel et al., 2005), increasing
cAMP levels that may signal enhanced mating.
We now appreciate that most C. albicans strains are a/a
diploids that, like S. cerevisiae, do not mate. No haploid
C. albicans has ever been observed, and the sexual cycle90 Cell Host & Microbe 8, July 22, 2010 ª2010 Elsevier Inc.involves diploid-tetraploid-diploid transitions in contrast to the
diploid-haploid-diploid S. cerevisiae cycle. However, S. cerevi-
siae can complete a tetraploid sexual cycle, like C. albicans,
and a/a/a/a tetraploids undergo meiosis to produce asci con-
taining four diploid progeny. In contrast, C. albicans produces
neither asci nor spores, and may have evolved to mate but not
produce antigenic spores, thereby avoiding stimulating immune
responses. Also in contrast to S. cerevisiae, C. albicans mates
but has no recognized meiosis; instead, parasexual chromo-
some loss occurs stochastically, returning cells from 4N to 2N
and generating considerable aneuploidy in the process (Bennett
and Johnson, 2003). Recombination does occur in some
progeny produced by the parasexual cycle and requires Spo11
(Forche et al., 2008). Given that Spo11 is a meiosis-specific re-
combinase in all organisms in which it has been studied in detail,
this could suggest that meiosis (or parameiosis, which connotes
a meiosis-like process, by analogy to ‘‘parasexual’’) occurs
during the parasexual cycle, but it has also been proposed that
Spo11 might have a novel mitotic role (Forche et al., 2008).
A second C. albicans meiotic ortholog, Dlh1, is fully functional
to support meiosis in S. cerevisiae dmc1 mutants and restores
repair of DNA DSBs and recombination (Diener and Fink,
1996); its roles in C. albicans remain to be studied.
Comparative genomics of the pathogenic Candida species
complex has revealed considerable plasticity in mating type
and meiosis configuration (Butler et al., 2009; Reedy et al.,
2009) (Figure 2). The C. albicans genome revealed that while
many meiotic orthologs were present, others were missing,
potentially providing an explanation for why meiosis hasn’t
been observed (Tzung et al., 2001). To address this hypothesis,
the genomes of other Candida species known to have sexual
cycles involving sporulation, such as Candida lusitaniae, were
sequenced. The hypothesis was that these species would retain
meiotic genes that had been lost inC. albicans. However, just the
opposite was observed. Not only were these sexual Candida
species missing all of the meiotic genes lost in C. albicans,
but they were missing some two dozen other meiotic genes
based on studies from S. cerevisiae, including the MAT gene
a2 (Figure 2). Because the historic definition of a complete sexual
cycle including meiosis in C. lusitaniae and other sexual Candida
species was based on observingmating and sporulation with the
inference that meiosis was occurring, detailed analyses were
conducted. Multiple criteria, including (1) changes in ploidy
(1N-2N-1N), (2) a high rate of recombination on par with meiotic
recombination in other fungi, and (3) a requirement for Spo11
support that meiosis occurs during theC. lusitaniae sexual cycle.
Interestingly, approximately two-thirds of the progeny produced
are euploid, haploid recombinant progeny. Equally interesting,
however, is that approximately one-third of the progeny
produced are aneuploid (1N+1) or diploid (2N, 2N+1). This high
rate of aneuploid progeny may result from loss of meiotic
components, or may reflect an evolutionary adaptation to
generate genotypic and phenotypic plasticity. Recent studies
provide evidence that aneuploidy plays adaptive roles, including
in drug resistance of C. albicans (Selmecki et al., 2006; Torres
et al., 2007). Where else in biology do we observe such a sloppy
version of meiosis?We need look no further than human biology,
as aneuploidy frequently occurs in humans leading to trisomy
and contributing to a significant proportion of miscarriages.
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aneuploidy resulting from the C. lusitaniae sexual cycle, aneu-
ploidy observed during C. albicans parasex might result from
meiosis rather than mitosis. Moreover, given that recombination
during C. albicans parasex is Spo11 dependent, this might also
reflect meiotic rather than mitotic roles.
There are several approaches to address if meiosis occurs
in C. albicans. One approach is to examine roles of other meiotic
orthologs such as Dmc1 (Dlh1) in C. albicans. Another is to look
for premeiotic DNA synthesis that often precedes meiosis, and
which would produce 8N cells from the 4N precursor. During
the parasexual cycle, some cells may engage in meiosis and
others lose chromosomes spontaneously, such that progeny
are produced via concomitant parasexual/sexual pathways.
If so, defining the subset of cells undergoing meiosis may
provide insight (similar to white-opaque switching) into how
and when meiosis occurs in C. albicans. Given that C. albicans
and closely related species retain two dozen meiotic gene
orthologs lost in sexual species (C. lusitaniae, C. guilliermondii),
it suggests these meiotic genes are biologically functional.
Finally, because S. cerevisiae meiosis produces tetrads, but
C. lusitaniae produces dyads and Lodderomyces elongisporus
produces monads, C. albicans meiosis may produce fewer
nuclear products than canonical meiosis.
Mating in C. albicans involves an a-a opposite-sex mating
process similar to other fungi, but recently an alternative mating
route has been discovered with striking parallels to unisexual
mating discovered earlier in C. neoformans (Figure 3) (Alby
et al., 2009). C. albicans a/a cells express both the a- and
a-mating pheromone genes, in contrast to S. cerevisiae in which
a cells only express a-pheromone. Moreover, Alby et al.
observed that C. albicans a/a mutants lacking a protease that
normally degrades a-pheromone (Bar1) produce unusual wrin-
kled colonies in which the cells appear morphologically to be
responding to pheromone. They showed that when Bar1 is
missing, a cells produce and respond to a factor via both auto-
crine and paracrine signaling, and as a consequence a cells are
enabled to mate with other a cells via same-sex mating. Given
that this a-a mating requires a bar1 mutation, it is uncertain
whether and how this might occur in nature. It may be that
naturally occurring bar1mutants arise or are present in the pop-
ulation, or that conditions that inhibit Bar1 occur, such as the
acidic pH of the vaginal mucosa, since Bar1 is inhibited at acidic
pH in vitro. An alternative way in which a-a mating is stimulated
is by a minority of a cells as the a-pheromone source, analo-
gous to me´nage a trois mating in C. neoformans involving a-a
unisex stimulated by a cells (Hull et al., 2002; Lin et al., 2005).
The resulting a/a/a/a C. albicans tetraploid products can
undergo parasexual reduction to return to the diploid state.
One difference between the a/a/a/a and a/a/a/a tetraploids pro-
duced by opposite-sex and same-sex mating is that a/a/a/a
tetraploids undergo an opaque-white transition (they express
a1/a2 that inhibits opaque genes including Wor1), returning to
the white self-sterile cell fate, whereas the opaque cell fate
perdures in the a/a/a/a tetraploid state and might therefore play
novel roles. In summary, like C. neoformans, we now appreciate
that C. albicans has both opposite-sex and same-sex mating
cycles. That both are maintained likely reflects that each
contributes uniquely to generate genetic diversity, possibly inresponse to selective pressures in which higher or lower levels
of diversity provide greater adaptive potential.
Unisexual Mating in Two Divergent, Successful Human
Fungal Pathogens
Taken together, these laboratory and environmental population
genetics studies provide robust support that both opposite-
sex and unisexual reproduction occur to impact diversity and
population structure for both of these pathogenic microbes.
Unisexual mating may produce infectious propagules in nature,
and thus further studies on genetic and genomic control of this
novel sexual cycle, and conditions that support this in the lab
and in nature, are warranted. Such studies are likely to generate
general principles for understanding transitions between modes
of sexual reproduction, both in pathogenic fungi and other path-
ogenic microbes (Heitman, 2006), and even extend to self-
fertility in plants and animals.
Aspergillus fumigatus, Extant Sex of an Infectious Mold
Aspergillus fumigatus is a common human fungal pathogen long
thought asexual. O’Gorman et al. discovered an extant sexual
cycle in this pathogen by successfully mating strains of opposite
mating types (O’Gorman et al., 2009). The key innovations
leading to successwere pairing strains from a naturally occurring
recombinant population and patience, as complete sexual
reproduction required 6 months of incubation in the dark on
specialized medium!
Together C. albicans, C. neoformans, and A. fumigatus are the
triumvirate of systemic human fungal pathogens and which
occur most commonly globally. We are all exposed to A. fumiga-
tus as a ubiquitous environmental fungus associated with com-
posting and other niches, yet infection occurs in severely
immunocompromised hosts. Exposure and infection occur via
inhalation of spores that, until recently, were thought to be
asexual products. Whole-genome sequencing and population
studies revealed conserved mating and meiotic machinery, an
equal distribution of the twomating types in nature, and possible
genetic evidence for mating (Galagan et al., 2005; Paoletti et al.,
2005). The A. fumigatus MAT genes are functional when heterol-
ogously expressed in the related model species A. nidulans
(Grosse and Krappmann, 2008; Pyrzak et al., 2008). However,
despite considerable effort, A. fumigatus had not been observed
to mate under laboratory conditions.
Recently, O’Gorman et al. pairedMAT1-1 andMAT1-2 strains
from an environmental isolate collection fromDublin, discovering
that A. fumigatus undergoes sexual reproduction under specific,
defined conditions (O’Gorman et al., 2009). The Aspergillus
sexual cycle produces viable spores that germinate into haploid,
meiotically recombined progeny. These findings enable the use
of classic genetic tools involving crosses to be applied, and
have broad implications for generation of diversity in the popula-
tion and virulence evolution. The discovery of a complete sexual
cycle for this ‘‘asexual’’ fungus (Kwon-Chung and Sugui, 2009),
together with accumulating genomic evidence that the vast
majority of fungi retain mating/meiotic machinery, suggests
there may be fewer truly asexual species than previously
appreciated (Lee et al., 2010). The challenge remains to discover
laboratory-defined sexual cycles and elucidate how these
contribute to diversity and survival in nature and in the host.Cell Host & Microbe 8, July 22, 2010 ª2010 Elsevier Inc. 91
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Host-Associated Mating?
Studies on theMAT locus and sexual reproduction of dimorphic
fungal pathogens and dermatophytes contribute experimental
advances and examples in which mating may occur on the
host. Koch’s postulates were first satisfied in studies of fungi in-
fecting humans. Dr. David Gruby, working in Paris in the 1840s,
implicated the dermatophyte fungusMicrosporum audouiniwith
ringworm/Tinea capitas in humans. This work included potato
slice culture and transfer to uninfected individuals causing
disease. The dermatophyte and dimorphic human fungal patho-
gens encompass more than a dozen phylogenetically related
ascomycete species, and dermatophytes are arguably the
most common causes of skin infection in humans, whereas the
dimorphic fungi are environmental and cause pulmonary infec-
tions following inhalation.
Genomics is rapidly advancing our understanding of these
pathogenic microbes. The dimorphic species Blastomyces der-
matitidis and Histoplasma capsulatum have classically defined
extant sexual cycles (Kwon-Chung, 1972; McDonough and
Lewis, 1967) and yet with laboratory passage often lose fecun-
dity via unknownmechanisms. Recent studies define the organi-
zation and evolutionary trajectory of theMAT locus for these two
groups of species, including both sexual species and others
currently classified as asexual (Bubnick and Smulian, 2007;
Li et al., 2010; Mandel et al., 2007; Torres et al., 2010), and
genetics has begun to be applied to define why sex is frequently
lost. The presence of the MAT locus and meiotic machinery
suggests that extant sexual cycles remain to be discovered.
The dermatophyte fungal pathogens are uniquely specialized
to live on human skin, where they may undergo sexual reproduc-
tion, analogous to C. albicans mating on mice (Lachke et al.,
2003). Fungal sex could produce antigens provoking skin
immune/allergic responses. Similarly, Malessezia spp. are ubiq-
uitous fungal commensals of human skin associated with
eczema and dandruff that may also undergo sex on human
skin (Figure 1). These fungi are basidiomycetes closely related
to the plant pathogen Ustilago maydis, which undergoes sexual
reproduction to form invasive hyphae necessary to infect its host
plant (maize) (Figure 1). The M. restricta and M. globosa
genomes revealed why they associate with human skin: they
lack fatty acid synthase and thus must scavenge lipids for
growth from sebaceous secretions (Xu et al., 2007). Their
genomes further reveal conserved meiotic/mating machinery
and a bipolar MAT locus related to those of Cryptococcus and
U. hordei (Xu et al., 2007). Whether these fungi mate on human
skin remains to be explored.
Zygomycetes and Microsporidia, Sexual Identity
of Basal Fungi
The fungal kingdom is diverse, encompassing more than
1.5 million species in as many as eight to ten divergent phyla.
The fungal pathogens discussed thus far are ascomycetes and
basidiomycetes, a monophyletic group (the dikarya). At the
base of the fungal kingdom lies a radiation of earlier branching
phyla, including the polyphyletic zygomycota and chytridiomy-
cota superphyla. These basal species share features with the
last common ancestor to the animal and fungal kingdoms lost
in the more derived fungi, including the flagella that is extant in92 Cell Host & Microbe 8, July 22, 2010 ª2010 Elsevier Inc.metazoans and chytridiomycetes. Several pathogens of humans
and other animals populate these lineages, including the human
pathogens Rhizopus and Mucor in the Mucorales/zygomycota,
and the aquatic pathogen Batrachochytrium dendrobatidis,
a chytrid causing amphibian decline and extinctions. Rhizopus
and Mucor cause devastating infections difficult to manage
with current antifungal therapies, and often require surgical
debridement.
Available genomes for these species reveal conservedmeiotic
machinery consistent with extant sex (Ma et al., 2009b). No
sexual cycle is known for B. dendrobatidis; however, population
genetics has provided evidence for clonal expansion with limited
genetic exchange, possibly reflecting covert sex (Morgan et al.,
2007). Rhizopus and Mucor are sexual, and their sex locus
encodes divergent HMG domain proteins (SexM/P) that govern
sexual identity analogous to the mammalian sex determinant
Sry, with implications for how sex determination evolved (Idnurm
et al., 2008; Lee et al., 2008).
The microsporidia are a group of unusual obligate eukaryotic
microbial pathogens with more than 1200 known species,
including 13 that infect humans, commonly causing diarrhea in
AIDS patients (Keeling, 2009). Microsporidia are evolutionarily
closely related to fungi, as either true fungi or their sisters. Molec-
ular phylogenetics and whole-genome comparisons support the
microsporidia as true fungi that may share a more recent
common ancestor with the basal zygomycete fungi. This is
also based on the presence of a sex-related locus with an archi-
tecture similar to the zygomycete sex locus (Lee et al., 2008).
Little is known about microsporidia sex, but the presence of
meiotic gene orthologs and a sex-related locus suggest they
may undergo a sexual cycle during host infection. They also
have a capacity for HGT. Encephalitazoon cuniculi has acquired
four genes encoding ATP transporters localized to the plasma or
mitochondrial membrane that enable it to procure ATP from the
host cell. These genes were acquired via HGT from a coresident
species of Chlamydiae, a bacterial obligate intracellular path-
ogen, allowing metabolic energy production genes to be jettis-
oned (Tsaousis et al., 2008). Both mechanisms (sex, HGT) might
have operated in fomenting the dramatic genomic compaction
that enabled this unusual, highly successful clade of obligate
intracellular pathogenic fungi to emerge.
Sex in Parasites
Giardia
The protozoan parasite Giardia intestinalis had long been
thought to be asexual, but the finding that its genome encodes
meiotic gene homologs and evidence for genetic exchange
based on population genetics studies suggested that a sexual
cycle might be extant (Cooper et al., 2007; Ramesh et al.,
2005). These studies culminated in the discovery of an unusual
form of sexual reproduction involving nuclear fusion, genetic
exchange, and meiosis-specific gene homolog expression
(Poxleitner et al., 2008).
Giardia is a diplomonad that harbors two diploid nuclei that
were found to undergo karyogamy during the encystment phase
of growth, based on plasmid exchange and observations by
transmission electron microscopy (Poxleitner et al., 2008).
Analysis by fluorescence in situ hybridization (FISH) revealed
that stably introduced episomes present in only one nucleus in
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the four cyst nuclei, consistent with plasmid exchange via
nuclear fusion. Moreover, morphological analysis by transmis-
sion electron microscopy documented nuclear envelope fusion.
Previous inspection of theGiardia genome had identified meiotic
gene homologs, including Spo11, Dmc1a and Dmc1b (two
forms), Mnd1, and Hop1 (Ramesh et al., 2005). Spo11-,
Dmc1a-, and Hop1-GFP fusions were expressed and nuclear-
localized during encystations, and no expression was observed
in trophozoites, consistent with potential meiosis-specific roles
(Poxleitner et al., 2008). Dmc1b and Mnd1 were expressed in
nuclei of both trophozoites and cysts and may serve broader
roles. These findings support a novel sexual process, termed
diplomixis, during which two of the four cyst nuclei fuse, leading
to meiosis, genome reduction, and production of recombinant
progeny nuclear genotypes. Alternatively, meiosis could
precede nuclear fusion producing haploid intermediate
‘‘gamete’’ nuclei that fuse to restore diploidy. No evidence has
been presented yet for cell-cell fusion of different isolates, which
would be required for genetic exchange within the population;
however, population studies provide evidence for exchange in
the population and thus both selfing and outcrossing may occur.
These findings share features with the diploid-tetraploid-diploid
parasexual cycle of C. albicans, and the dikaryotic feature of
Giardia also mirrors the dikaryon intermediate during Crypto-
coccus sexual reproduction. When and where Giardia sexual
reproduction occurs in nature or the infected host, and how it
impacts genetic exchange in the population, remain to be
explored.
Leishmania
Leishmania are protozoan parasites that cause vector-borne
diseases in humans and domesticated animals globally, and
are a serious cause of morbidity and mortality, with >2,000,000
new cases annually. Population studies revealed extensive
linkage disequilibrium potentially consistent with largely clonal
reproduction (Tibayrenc and Ayala, 2002), yet the observation
of naturally occurring hybrid isolates and the presence of
conservedmeiotic orthologs in the genome suggest the capacity
for extant sex (Heitman, 2006). A direct demonstration of hybrid-
ization and genetic exchange was recently reported for L. major
(Akopyants et al., 2009).
Coinfection of the sand fly vector (Phlebotomus duboscqi) with
parental strains genetically marked with dominant drug resis-
tance markers yielded doubly drug-resistant progeny that could
be bite-transmitted tomice (Akopyants et al., 2009). Hybrids only
formed in the sand fly vector, not during coculture in vitro or
murine coinfection. Analysis of single-nucleotide polymorphisms
(SNPs) that distinguish the homozygous parents revealed that all
of 18 progeny analyzed were heterozygous, consistent with
hybridization. When DNA content was analyzed by flow cytome-
try, the parental isolates and 11 of 18 hybrids were diploid, but 7
of 18 hybrid progeny were triploid (intermediate ploidy was not
observed). The maxicircle kinetoplastid DNA was inherited
from one or the other parent (uniparental inheritance). Finally,
parental phenotypic differences were inherited in a dominant
(antibody reactivity, clumping) or semidominant (slow or fast
virulence) pattern.
Taken together, these findings reveal a mechanism for genetic
exchange in Leishmania, consistent with cell-cell fusion toproduce hybrid progeny (Akopyants et al., 2009). The diploid
progeny produced appear to be heterozygous at all markers
that are homozygous in the diploid parents. This may be consis-
tent with meiotic generation of haploid gametes that fuse to
produce hybrid progeny. That triploid progeny are also observed
suggests models in which one parental diploid isolate skips
meiotic reduction and fuses with a haploid gamete produced
by the other parent. Alternatively, similar to C. albicans, Leish-
mania may undergo a diploid-tetraploid-diploid sexual/para-
sexual cycle in which triploid isolates are an intermediate.
Triploids might undergo parasexual reduction to diploidy, play
novel roles in the life cycle, or be less fit and selected against.
In summary, these studies demonstrate that genetic exchange
involving hybridization can occur in Leishmania, and lay the foun-
dation to test if a complete, meiotic sexual cycle impacts evolu-
tion and virulence.
Trypanosoma
Trypanosomes are kinetoplastid protozoan parasites transmitted
by insect vectors (tsetse flies, reduvid bugs) that cause African
sleeping sickness in humans (T. brucei), devastating infections
in African livestock (T. congolense), and Chagas disease in
humans prevalent in South America (T. cruzi). Sex is best under-
stood in T. brucei, but a mechanism for genetic exchange in
T. cruzi involving coculture in Vero cells has been established in
the laboratory. The sexual cycle consists of fusion of diploid
isolates to produce a tetraploid intermediate that may undergo
parasexual/sexual reduction to aneuploid/diploid progeny, like
C. albicans (Gaunt et al., 2003). Population genetic studies of
the T. cruzi TcIIc lineage disclosed a higher level of homozygosity
in subpopulations, consistent with either sexual reproduction or
genome-widemitotic gene conversion and loss of heterozygosity
(Llewellyn et al., 2009). Recent population genetic studies also
adduce evidence for mating in the cattle pathogen T. congolense
(Morrison et al., 2009). In this latter study, the T. congolense
genomesequenceenabled identificationofpolymorphicmicrosa-
tellite reporters that were analyzed from Gambian livestock
isolates. In one of four cryptic subpopulations, the level of genetic
diversity observed was interpreted as consistent with sexual
reproduction and genetic exchange in the population.
An extant sexual cycle involving both meiosis and largely
Mendelian inheritance patterns is well-established in T. brucei,
enabling generation of a high-resolution meiotic map and appli-
cation of genetic approaches for laboratory investigations of
virulence (Cooper et al., 2008). Studies of differentially fluores-
cent labeled parasites provide direct evidence for cell-cell fusion
events during sexual reproduction in the insect host salivary
glands (Gibson et al., 2006, 2008; Peacock et al., 2007). Coinfec-
tion of tsetse flies with two parental T. brucei strains expressing
GFP (green) or RFP (red) yielded yellow hybrid products, and
implicate the unattached epimastigote as the sexual stage of
the parasite (Gibson et al., 2008). Analysis of coinfection
dynamics of two differentially marked strains reveals that rather
than competing for infection, coinfection was more frequently
observed in all salivary gland compartments examined. These
findings reveal a lack of competition, and may even provide
evidence for stimulation of coinfection, which could facilitate
sex and genetic exchange. How the two coinfecting isolates
interact is unknown, but could involve secreted factors analo-
gous to fungal mating pheromones.Cell Host & Microbe 8, July 22, 2010 ª2010 Elsevier Inc. 93
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with triploids, tetraploids, and aneuploids are frequently de-
tected (Gibson et al., 2008). How these arise is not known, but
may entail (1) sexual intermediates (similar to tetraploids
produced during C. albicans parasex), (2) mating of haploid
gametes with unreduced or partially reduced diploid/aneuploid
gametes, or (3) defects during meiotic segregation similar to
the rampant diploid/aneuploid progeny produced by sexual
reproduction of C. lusitaniae (Reedy et al., 2009). Finally, when
GFP- and RFP-expressing clones from a single T. brucei strain
coinfect, intraclonal mating also occurs (Peacock et al., 2009).
Flies infected with RFP- and GFP-expressing clones were found
to harbor red, green, and yellow parasites in the salivary glands,
and both red and nonfluorescent clones were recovered in which
recombination and altered DNA content were apparent. These
findings reveal the capacity for selfing/inbreeding, in addition
to outcrossingmodes of sexual reproduction, and raise the issue
that lab passage and natural transmission of T. brucei clones
could lead to sex-induced genomic alterations.
In summary, while it is clear that T. brucei undergoes sexual
reproduction, the molecular details remain to be elucidated.
This includes resolving whether the sexual cycle involves
diploid-tetraploid-diploid transitions or a diploid parental isolate
that produces haploid gametes to undergo cell-cell fusion, and
whether and how cell identity is established by a genomic region
analogous to a MAT locus or sex chromosome.
Plasmodium
Malaria is caused by the unicellular haploid protozoan parasite
Plasmodium that is transmitted by mosquitoes to humans.
Plasmodium has a well-established sexual cycle in which
gametocytes are produced in humans and then transmitted to
mosquitoes where the sexual cycle is completed (Alano, 2007;
Dixon et al., 2008). The only form of the parasite transmitted
from humans to mosquitoes is the gametocyte, and thus sexual
reproduction is an obligate life cycle step, in contrast to most
other parasite pathogens that are facultatively sexual. Therefore,
a molecular understanding of differentiation and sexual identity
is critical in enabling improved control of parasite transmission.
This unique Plasmodium life cycle constraint increases the
impact of sex on evolution and emergence/spread of drug
resistance.
During infection of the vertebrate host, a single malaria
parasite clone can undergo intraerythrocytic differentiation to
produce both male and female gametocytes (gametocytogene-
sis). How this key event is initially specified at a molecular level is
unknown. In P. falciparum, schizonts are known to undergo
commitment to either asexual or sexual development, and all
merozoites derived from a sexually committed schizont produce
only male or female gametocytes (Silvestrini et al., 2000; Smith
et al., 2000). Thus, events at commitment direct both sexual
development and specify male or female identity. Moreover, in
Plasmodium the molecular pathways governing sexual commit-
ment andmale/female identity are unknown and separate events
dictated by distinct pathways. Moreover, the number commit-
ting to sexual development and the male:female ratio are not
genetically fixed and are known to be influenced by environ-
mental factors. Because a single clone produces both male
and female gametocytes, self-fertility and outcrossing occur.
No Plasmodium sex chromosomes or MAT loci are known, but94 Cell Host & Microbe 8, July 22, 2010 ª2010 Elsevier Inc.deletions in chromosomes 9 and 12 in several parasite strains
lead to defects in gametocytogenesis. These genetic changes
during long-term passage of asexual parasite lines are similar
to sterility in passaged fungi and associated with defects in
gametocyte or male gametocyte production, but the molecular
basis remains elusive (Dixon et al., 2008; Furuya et al., 2005;
Vaidya et al., 1995). However, these parasite strains with sex-
specific gametocytogenesis defects may serve as genetic
models to further dissect the molecular processes governing
differentiation and molecular identity of Plasmodium. It is also
possible to use genetic linkage and association analyses to
map the precise loci determining the different sexual stages
among various parasite strains (Mu et al., 2010).
Following uptake of gametocytes from the vertebrate host to
the mosquito in its blood meal, gamete differentiation occurs.
Male gametocytes undergo exflagellation to produce as many
as eight gametes with flagella; female macrogametocytes
produce a single female gamete. Male and female gametes (self-
ing or outcrossing) fuse in the midgut, producing a diploid
zygote. The zygote then matures into an ookinete, escapes the
midgut, and matures into an oocyst in which meiosis occurs,
and oocyst rupture releases myriad haploid sporozoites that
migrate to the salivary glands for transmission to the next verte-
brate host bitten by the carrier mosquito.
Proteomic analysis of purified P. berghei male and female
gametocytes reveals marked differences between the two sexes
and outlines a molecular differentiation cascade (Khan et al.,
2005). Male-specific proteins include those for flagellar motility
and DNA replication, whereas ribosomal and mitochondrial
proteins abound in female gametocytes. Several proteins neces-
sary for gamete formation have been defined. The calcium-
dependent protein kinase CDPK4 expressed by both
gametocytes (Billker et al., 2004) and the male gametocyte-
specific mitogen-activated protein kinase MAP2 are both
required for male gamete formation (Khan et al., 2005). In
contrast, mutants lacking the female-gametocyte-specific
NIMA kinase NEK4 produce male and female gametes that
fuse normally, but the zygote to ookinete maturation fails. The
female-gametocyte-specific RNA helicase DOZI sequesters
and translationally represses messages stored for deployment
following fertilization (Mair et al., 2006). DOZI mutants produce
gametocytes normally, but transcript profiles are markedly per-
turbed, and zygotes again fail to mature into ookinetes (Mair
et al., 2006). The importance of posttranscriptional regulation is
further demonstrated by a conserved U-rich region and Puf
family of RNA-binding proteins that function in parasite sexual
differentiation (Braks et al., 2008). Studies have also defined
a protein NAP2 that is male specific and involved in male-female
gamete fusion (Hirai et al., 2008; Liu et al., 2008). Hap2 is
a homolog of a male-specific sterility protein of Arabidopsis,
and homologs are present in rice, Chlamydomonas, alga, slime
mold, and Leishmania. The presence of conserved gamete-
specific proteins in these diverse organisms might provide
insights into not only the evolutionary origin of proteins speci-
fying Plasmodium gametes, but also the mechanisms specifying
male-female identity. Moreover, a family of plant-like transcrip-
tion factors (ApiAP2) has been discovered in Plasmodium
and other Apicomplexa. These proteins appear to govern
stage-specific genes and gene expression cascades evoking
Figure 4. On How Plasmodium Gamete
Sexual Identity May Be Specified
Three models are presented for how gamete iden-
tity might be specified in Plasmodium. These
models are speculative, and the intent is to
suggest ways in which a single clonal isolate of
Plasmodium might be capable of producing male
or female gametocytes, based on precedents for
other regulated switches in bacteria and fungi.
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tions suggest that beyond the fungi in the Ophisthokonts,
exploration of the Archaeplastida may reveal how sexual devel-
opment is established. In summary, these studies reveal that
there are differences between male and female gametocytes/
gametes that determine sexual cycle progression but do not
yet reveal insights into how male/female sexual identity is first
established.
How Is Sex Determined in Plasmodium?
How might the male and female gametocyte fate be specified
from a single parasite clone? If Plasmodium were a fungus, we
would call it homothallic/self-fertile and consider models by
which other species exhibit self-fertile behavior (Lin and Heit-
man, 2007). One approach is to look for parasite homologs of
fungal MAT genes (homeodomain, a-box, or HMG domain
proteins) (Figure 2) as candidate sex determinants. The estab-
lished molecular bases for fungal self-fertility include (1)
mating-type switching from silent to active mating-type
cassettes (S. cerevisiae, Schizosaccharomyces pombe), (2) two
opposite MAT alleles in the same genome (fused or unlinked)
(A. nidulans, Cochliobolus sp.), and (3) unisexual reproduction
(C. neoformans, C. albicans). Any of these models could apply
to Plasmodium, and in all a defined genetic locus determines
mating type. Moreover, in each self-fertile mode a single clone
can give rise to gametes that behave as mating partners.
Alternatively, wemight look to advances in understanding sexual
reproduction in the alveolate phylum of eukaryotes, including
apicomplexan parasites and ciliates, i.e., Tetrahymena. How-
ever, while the Tetrahymena sexual cycle is known and involves
multiple sexes, an understanding of the molecular nature is still
rudimentary (Phadke and Zufall, 2009).
We propose three other speculative models for Plasmodium
sex determination involving (1) inversion of a genetic regulatoryCell Host & Microelement by analogy to flagellar phase
variation in Salmonella, (2) competing
noncoding RNAs that govern exclusive
repression/expression of a cell-fate
determinant by analogy with the S. cere-
visiae FLO11 toggle, and (3) genetic
noise/stochastic gene expression (Fig-
ure 4). In all of these models, the two
gametocyte fates could be uniquely and
actively specified, or one could be
actively specified and the other a default.
For example, inS. cerevisiae theahaploid
cell type is the default (cells lacking MAT
mate as a), whereas the a cell type isactively determined by the a1 and a factors. Thus, expression
of key cell-fate determinants could suffice to specify male versus
female gametocytes.
Model 1. Genetic Inversion Controls Cell Fate. A paradigmatic
example by which clones of a single parental line can adopt two
unique cellular fates involves expression of two alternative
flagellar antigens in the bacterial pathogen Salmonella (Silverman
and Simon, 1980). This system arose as an immune evasion
strategy. As the immunesystemresponds toone flagellar antigen,
individuals expressing a different flagellar antigen arise in the pop-
ulation and evade immunity. This system involves an 900 bp
invertible DNA locus. In one orientation, it drives expression of
the H2 antigen and a repressor of the unlinked H1 antigen gene.
In the opposite orientation, the H2 antigen and H1 repressor are
not expressed, and H1 antigen is expressed. The 900 bp region
encodes a site-specific recombinase (Hin) that acts on flanking
repeats tomediate inversion, andevolved fromanancestral trans-
posonor phage recombination system.A similarmolecular switch
could underlie the ability of Plasmodium to produce male and
female gametocytes based on inversion of a regulatory element
that flips between male and female specification (Figure 4).
SequencinggenomicDNA frompurifiedmaleand femalegameto-
cytes could identify candidate invertible DNA regions.
Model 2. Competing Noncoding RNAs Govern Cell Fate.
A novel regulatory element has been defined governing the S.
cerevisiae dimorphic transition from yeast to pseudohyphal
growth evoked by the Flo11 cell surface adhesin (Bumgarner
et al., 2009) (Figure 4). The large FLO11 gene promoter encodes
two opposing noncoding RNAs (ncRNAs) (ICR1 and PWR1).
Expression of one (ICR1) converges on the FLO11 promoter,
occluding polymerase to block expression and enforce yeast
growth. Expression of the other (PWR1) divergent from FLO11
blocks ICR1 expression and enables FLO11 expression and
hyphal growth. An analogous control element could drive thebe 8, July 22, 2010 ª2010 Elsevier Inc. 95
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Analysis of ncRNAs (or small RNA-Seq) uniquely expressed in
male versus female gametocytes provides an approach to
address this model. It is interesting to point out that previous
SAGE analysis of Plasmodium falciparum transcripts has identi-
fied widespread distribution of both sense and antisense tran-
scribed competing RNA species with an inverse relationship in
abundance (Gunasekera et al., 2004). It should also be noted
that X chromosome inactivation in mammals is also driven by
a noncoding RNA (XIST), with implications for the Plasmodium
sex-determination model proposed here.
Model 3. Stochastic Gene Expression Differences Underlie
Cell Fate. Studies in bacteria and fungi reveal gene expression
at the individual cell level and can involve stochastic differences
in transcript and protein levels that vary in different cells in a pop-
ulation, a phenomenon called genetic noise (Elowitz et al., 2002;
Raser and O’Shea, 2004). In populations of S. cerevisiae, cells
expressing CFP (blue) and YFP (yellow) from the same gene
promoter are observed that are green (blue + yellow, dichro-
matic), but cells that are only blue or yellow (monochromatic)
are also seen (Figure 4). This is not the result of gene loss but
rather is attributable to stochastic expression as a result of
genetic noise. By analogy, Plasmodium gametocyte fate could
be specified by one or two stochastically regulated genes
(Figure 4). In the one-gene model, the on state could specify
male fate and the off state female, a possibility consistent with
the fact that most known sex-specific developmental mutations
are for male. In the two-gene model, expression of one or the
other (but not both) by any individual would lead to male or
female gametocyte identity. Since a single committed schizont
produces onlymale or female gametocytes, such an event would
need to perdure during cell division but then reset to restore toti-
potency following sex. An approach to address this model could
involve RNA-Seq of purified male and female gametocytes,
especially comparing these with parasite strains with develop-
mental defects in male gametocytogenesis.
To summarize, an experimental approach to address these
and other models is to purify male and female gametocytes
and apply next-generation sequencing to DNA (to explore inver-
sion models) and RNA (to identify sex-specific genes or noncod-
ing transcripts). Genetic analysis of existing and newly generated
parasite mutants altered in gametocyte production, similar to
studies of yeast sterile mutants, may also provide another route
to define the earliest acting sex determinants.
Conclusions
Studies of sex and its evolution and impact in fungal and parasite
pathogens illustrate principles by which genetic diversity is
generated and maintained, with implications for both other path-
ogens and multicellular eukaryotes. These findings reveal that
rather than losing sex, diverse modifications to sexual reproduc-
tion have occurred involving transitions in outcrossing versus
inbreeding, opposite-sex versus unisex, and meiosis/parameio-
sis/parasexual modes of reproduction, rendering sexual repro-
duction cryptic/covert. We propose that sex not only admixes
pre-existing population genetic diversity but also serves to
generate diversity de novo. In this model, sex is a hypermuta-
genic state that produces diversity and contributes to evolution.
Our understanding of the roles and plasticity of theMAT locus in96 Cell Host & Microbe 8, July 22, 2010 ª2010 Elsevier Inc.governing sexual identity in fungi has considerably advanced. By
contrast, our understanding of how parasites produce gameto-
cytes/gametes is in its infancy, and nothing is known about
how sexes/mating types are initially established in these ubiqui-
tous microbial pathogens. Comparisons to the fungal MAT/sex
loci may provide a propitious conceptual framework to advance
fostering laboratory investigations and the development of trans-
mission blocking strategies.
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